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Hybrid hydrogels are particularly important in materials science as they can be formulated to closely exhibit the combined physical properties of individual components and offer opportunities to selectively tailor material properties. [1] One early and important example of this field is interpenetrating polymer networks (IPNs), which was introduced in the 1960s. [2] Based on this concept, in 2003 Gong and coworkers developed materials called double network gels, and reported an innovative and universal pathway to fabricate gels with extremely high mechanical performance which can be tailored to mimic a wide variety of load-bearing biological tissue, ranging from "soft" tissue such as muscle to firmer tissue such as bone. [3] Generally, double networks consist of two individual chemically cross-linked networks with contrasting physical properties: one network as a rigid skeleton (the first network) and a second network as a soft and ductile substance. [4] Interpenetration of these two networks with good homogeneity results in a non-linear increase in mechanical strength and resistance to fracture, often much greater than calculated values models would predict. The enhanced mechanical strength exhibited by such hydrogels is likely attributed to the stresstransfer between the two interpenetrating networks, instead of the stress being confined to the smallest cross-link of a single component gel. [5] However, current double network hydrogels are mostly based on fully or partially chemically cross-linked networks, [6] and the effect of replacing chemical cross-links for physical cross-links in such materials has not yet been studied. It is of great interest to examine the formation of double network hydrogels from non-covalent supramolecular systems as such materials will afford the ability to regulate cross-link dynamics and respond to a variety of external stimuli.
[7]
Herein we present the first example of an entirely self-assembling and supramolecular double network hydrogel, which is formed from the combination of two distinctly different hydrogel systems: one through DNA hybridization, [8] and the other by host-guest interactions of cucurbit [8] uril (CB[8] ). [9] Merging these two hydrogel formulations accesses a new material 3 comprised of two interpenetrating networks that have no cross-linking interactions with each other. Unlike the formation process of chemically cross-linked double network hydrogels via a two-step polymerization, our supramolecular system can be fabricated by a simple "onepot" mixing method attributed to the highly precise and specific recognition motifs. Figure 1 illustrates our strategy to which there are four fundamental components: DNA Y-scaffold, DNA linker, phenylalanine-functionalized carboxymethyl cellulose (CMC-phe) and CB [8] .
The DNA Y-scaffold and DNA linker can distinctly bind each other on account of the precise hybridization of complementary DNA sequences to form the first cross-linked hydrogel network, referred to as DNA hydrogel.
[10] Alternatively, CMC-phe and CB [8] can also specifically recognize each other owing to the host-guest interaction between phenylalanine and CB [8] to form the second cross-linked hydrogel network, referred to hereon as CB [8] hydrogel. [11] Upon combining these four components in PBS buffer (100mM, pH 7.4) via a "one-pot" mixing method, the corresponding units recognize one another, resulting in two interpenetrating supramolecularly-assembled networks, namely a double network hydrogel.
Notably, combining these two systems is of particular interest as they exhibit very different mechanical properties. For example, the DNA hydrogel has a very low tan δ (G"/G') but is brittle, whereas the CB[8] hydrogel has a higher tan δ but is less susceptible to breakage. Our aim was to design a material of high modulus (on account of dual interpenetrating networks) whilst retaining or enhancing the most desirable properties of each single network.
Furthermore, the resulting double network hydrogel would possess a full biodegradability profile as each single network can be selectively digested by specific enzymes, i.e. nuclease degradation of the DNA network and cellulase cleave of the CB [8] network. This allows for the selective degradation of one network whilst retaining the structure and mechanical property of the remaining single network. This prospect is particularly exciting as it potentially has application in enzymatically-triggered response from a pre-selected network 4 whilst retaining the hydrogel architecture and structure through the persistence of the remaining other. [12] Each single and double network hydrogel formulation was prepared in phosphate-buffered saline (PBS, 100mM, pH 7.4) with a mass content of each single network of 1.5 wt%. As shown in Figure 2A , the freshly prepared CB [8] hydrogel is slightly turbid whereas the DNA hydrogel is optically transparent. The resultant double network hydrogel maintains an intermediate almost transparent state between the two corresponding independent networks.
The differences in mechanical properties between the double network hydrogel and corresponding single network hydrogel formulations were also studied. As demonstrated in
Figures 2B and S1, the separate addition of either CB [8] or CMC-phe components into the 1.5 wt% DNA hydrogel have little influence on the mechanical property of the DNA hydrogel.
However, upon simultaneous addition of CB [8] and CMC-phe to the DNA hydrogel to form the double network hydrogel, the G' increased from 80 ± 1.6 Pa to 281 ± 2.4 Pa (also see Figure S2A ), which is higher than the sum of the two single network hydrogels (calculated double hydrogel, 230 ± 3.4 Pa). These results indicated that the two interpenetrating networks indeed increased the mechanical property of the double network hydrogel beyond the expected value; however, there is no increase in the order of magnitude of the modulus as previously demonstrated with chemically crosslinked hydrogels. [3a] This difference can be attributed to the relatively weak interactions of supramolecular non-covalent cross-linking compared to stronger covalent conjugation, as the two networks experience stress, the physical cross-links can be easily sheared. Interestingly, the internal supramolecular network structure appears responsive to increasing applied stretching frequency, similar to the CB [8] hydrogel and unlike the DNA hydrogel, implying the CB[8] hydrogel dominates the macroscopic structuring and viscoelastic response, Figure S2B . A further study of the thermal behavior was also performed, during which G' decreases with an increase in temperature and intersects with G" at the gel-sol transition point. As shown in Figure 2C , the transition temperatures of the DNA hydrogel and the CB[8] hydrogel were 51 ± 0.5 C and 46 ± 0.8 C,
respectively. However, the double network hydrogel impressively exhibited a higher gel-sol transition point at 62 ± 1.2 C, again demonstrating that the two interpenetrating networks strengthened the thermal stability of the double network hydrogel. It was found that with an increase in mass content from 1.0 to 2.0 wt%, the G' of double network hydrogel increased from 103.6 ± 1.6 Pa to 510.9 ± 4.0 Pa, and the value of tan δ decreased from 0.48 ± 0.015 to 0.38 ± 0.010 ( Figure 2D ), demonstrating that higher mass content affords higher G' values, and therefore stronger double network hydrogels. These results also demonstrated that the double network hydrogel possesses an increased mechanical strength due to the interpenetrating interactions and it is very simple process to tune the mechanical strength by tailoring the mass contents.
DNA hydrogels are cross-linked through hybridization of "sticky ends" between the DNA Yscaffold and DNA linker. The rigid duplex structures and strong base-pair interactions result in the formation of a material that is relatively brittle. Upon compression, the hydrogels adhere to the testing parallel plate of the rheometer and after rheological analysis could be further stretched to 5233% (from 150 μm to 8000 μm) on retraction of the upper plate, Figure   2E . Specifically, the DNA hydrogels (1.5 wt%, 40 μL) exhibited a "narrow neck" during the stretching process followed by fracture (Supporting information Figure S3) ; moreover, they tended to lose their adherence to the top plate when stretched beyond 8 mm. Alternatively, CB[8] hydrogels (1.5 wt%, 40 μL) could readily be stretched to 8 mm without expressing a narrow neck (middle in Figure 2E ) or as long as 2 cm when manipulated with tweezers before fracture ( Figure S4 ), on account of the flexible polymer chains and the reconfiguration of the We further investigated the stretching behavior of the double network hydrogel through manipulation with tweezers, Figure 2F , and found that the hydrogels can be stretched uniformly up to 2 cm without expressing a narrow neck, or as far as 3 cm without fracturing ( Figure S5 ) and the compressing/stretching process can be cycled for three times with good reversibility ( Figure S6 ). These observations also indicated that our double network hydrogel can overcome the brittleness of DNA hydrogels and retain the good ductility of CB [8] hydrogels.
[13]
To investigate the combined behavior of the two interpenetrating networks, fluorescence labeling of the individual networks and confocal microscopy was undertaken. As shown in Figure 3A , pure DNA hydrogel networks were stained by the intercalating nucleic acidspecific dye GelGreen TM and exhibited uniform green color, indicating uniformity of the network. Alternatively, rhodamine isothiocyanate was chemically conjugated onto the CMC backbone. As shown in Figure 3B , the CB[8] hydrogel network exhibited red color with a few high density micro-domains, which may be attributed to some small degree of folding of the CMC backbones or aggregation upon 2:1 complexation with CB [8] . The double network appeared green, red, and orange under the green channel, red channel, and the merged channels respectively. As shown in Figure 3C (merged channels), the two network components are physically interpenetrating and bound within each other. This kind of binding behavior is the potential reason for observing strengthened mechanical properties and increased thermal stability as described in Figure 2 . To further clarify the microstructure of the interpenetrating networks, scanning electron microscopy (SEM) was also used to investigate the detailed morphologies of lyophilized hydrogels. As shown in Figure 3 , owing to the rigidity and helicity of double stranded DNA, the lyophilized DNA hydrogel ( As DNA hybridization and host-guest interactions between CB[8] and phenylalanine are both based on physical supramolecular interactions, the resultant double network hydrogel should exhibit an excellent shear-thinning behavior. [14] This was first studied using steady shear rheology, Figure 4A . Upon increasing the shear rate from 0.001 to 0.01 s -1 , the material expressed behavior of a Newtonian fluid as the dynamic viscosity remained constant. Beyond a shear rate of 0.01 s -1 the double hydrogel exhibited non-Newtonian shear thinning behavior and the viscosity dramatically decreased, a property related to plastic flow. The rheological properties of the double network hydrogel were further studied by oscillatory strain dependent rheology across an oscillatory strain range of 0.5-1000% at a fixed angular frequency of 1 Hz at 25 C. As shown in Figure 4B , the G' value rapidly decreased upon reaching 30% and had a crossing point with G" at 300%, the gel-to-sol transition point, indicating a collapse of the gel state to a quasi-liquid sol state. It was observed that this gel-sol transition of the double 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 network hydrogel was reversible and the quasi-liquid sol state can recover to its original value very rapidly when the strain was reverted from 1000% back to 1%, Figure 4C . Upon the application of a large amplitude oscillatory strain (1000%), the G' value sharply decreased and became instantaneously lower than G". The system persists at this quasi-liquid state under 1000% oscillation strain. When the applied strain was returned to 1%, both G' and G" were fully recovered without delay or fatigue and this process was recyclable. These results demonstrate that the double network hydrogels reported here have excellent shear thinning and rapid thixotropic properties, amenable to direct injection through a needle and syringe ( Figure S7 ). We further investigated the thixotropic behavior of the double network hydrogel as shown in Figure 4D , and found that the shear stress increased with an increase of shear rate from 0.01 s -1 to 100 s -1 and vice versa, and the area below encompassed by the hysteresis loop very small indicating very little energy is required for structure breakdown. These results further verified that our double network hydrogel possesses both excellent thixotropic as well as shear-thinning properties, which may find great potential in injectable soft materials and drug delivery applications. [15] Benefiting from the intrinsic properties of biopolymers such as DNA or cellulose, the resultant double network hydrogel exhibited dual-biodegradability profiles to nuclease and cellulase, respectively. As shown in Figure 5A , the double network hydrogel can be digested simultaneously, full degradation of the system can be realized, resulting in a one-way gel-tosol transition. Furthermore, changes in the mechanical properties were observed by rheology.
As shown in Figures 5B and S8 hydrogels, the two networks appear to be interpenetrating. The bottom row is the scanning electron microscopy (SEM) images of lyophilized 1.5 wt% hydrogel samples. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 Mechanical properties of 1.5 wt% double network hydrogels before and after digestion by cellulase and/or nuclease or competition for CB [8] with free phenylalanine were characterized by time scan tests, which were performed at a fixed frequency (1 Hz) and strain (1%) at 25 C for 3 min. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Supporting Information
I Materials
All oligonucleotides (see Table S1 ) were synthesized using ABI 394 DNA synthesizer with a standard phosphoramidite DNA synthesis protocol and purified by HPLC using water/ acetonitrile/TEAA (triethylamine acetate buffer, 100 mM, pH 7.0) as eluent. The EcoR I restriction enzyme was purchased from the TaKaRa Biotech company (Dalian, China 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 overnight using a VirTis BenchTop Freeze Dryer to yield fluffy solid materials. All chemicals were purchased with reagent grade or better and used as received. Table S1 DNA sequences of DNA hydrogel formulation.
Name Detailed sequence information
Red colored sequences are "sticky ends"; Green colored sequences are restriction enzyme recognition sites (GAATTC for EcoR I).
II Experimental Section
Synthesis of 2-azidoethanamine, 1
Procedure adapted from literature. 1 Sodium azide (11.0 g, 169.23 mmol) and 2-bromoethylamine hydrobromide (10.0 g, 48.81 mmol) dissolved in water (150 mL) and stirred at 75 °C for 18 hours. The reaction was allowed to cool to room temperature and then diluted with 10% NaOH solution (100 mL) and the product extracted into diethyl ether (3 x 100 mL).
The combined organic extracts were dried with magnesium sulfate, filtered and concentrated in vacuo yielding a volatile yellow oil (3.467 g, 82%). The product was used without any further purification. 1 H-NMR Spectroscopy (CDCl 3 , 500 MHz) δ (ppm) = 3.35-3.26 (2H, t, J
Synthesis of 2-amino-N-(2-azidoethyl)-3-phenylpropanamide hydrochloride, 2
To a cooled solution (~ 0 °C) of 1 (1.69 g, 19.6 mmol) in DMF (200 mL) was added triethylamine (2.72 mL, 19.6 mmol) followed by Boc-Phe-OSu (7.115 g, 19.6 mmol). The reaction was allowed to warm to room temperature and stirred over a period of 18 hours. The reaction was then quenched with cold water and the product extracted into ethyl acetate (200 mL). The organic layer was washed with water (3 x 500 mL) and dried with magnesium sulfate, filtered and concentrated in vacuo yielding a white solid (2.545 g). This solid was dissolved in a minimal amount of diethyl ether and 2 M hydrogen chloride in diethyl ether (15 mL) was added. The reaction was stirred for 4 hours and concentrated in vacuo to yield a yellow solid. The crude product was then triturated in diethyl ether and a white precipitate was collected by vacuum filtration as the product 2 in HCl salt form (1.625 g, 31%) and used without further purification. 1 H-NMR Spectroscopy (D 2 O, 500 MHz) δ (ppm) = 7.40-7.20 (5H, m, Ar-H), 4.14-4.08 (1H, t, J = 7.1, CH), 3. 
Synthesis of rhodamine-labeled CMC-phe, 5
To 4 (100 mg) in water (20 mL) was added rhodamine B isothiocyanate (1 mg) and dibutyltin dilaurate (catalytic amount, 1 drop). The reaction was stirred overnight and then purified by dialysis against water for one week. Product isolated by lyophilisation yielding a light pink fluffy solid.
Synthesis and preparation of cucurbit[8]uril (CB[8])
Cucurbit[8]uril was prepared according to literature procedures. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 the hydrogel expressed viscoelastic behavior (after roughly 1 hour).
DNA hydrogel preparation
A stock solution of Y-scaffold (2 mM) and linker (3 mM) were prepared respectively in phosphate buffer (100 mM, pH 7.4) following the established protocol. For preparation of 1.5 wt% DNA hydrogel with 100 μl, Y-scaffold (2 mM, 9.7 μL) and DNA linker (3 mM, 9.7 μL)
were mixed together in phosphate buffer (400 mM, pH 7.4, 25 μL) and water (55.6 μL) in Ep tube, stirred, and left at room temperature for overnight to form the desired hydrogel.
Double network hydrogel preparation
In a typical experiment for preparation of 100 μL of double network hydrogel with 1.5 wt% of each single network hydrogel, CMC-phe solution (60 mg/mL, 25 μL) and DNA linker (3 mM, 9.7 μL) were mixed together as component A, whereas Y-scaffold (2 mM, 9.7 μL) and CB [8] suspension (12 mg/ml, 25 μL) were mixed together as component B. Component A and B
were then mixed in phosphate buffer (400 mM, pH 7.4, 25 μL) and water (5.6 μL) and left at room temperature for overnight to form the desired hydrogel. Double network hydrogels with different mass contents from 0.5 wt% to 2 wt% were prepared following the same protocol above.
Rheological characterization
Rheological tests were carried out on an AR-G2 rheometer (TA Instruments) equipped with a temperature controller. Four types of rheological experiments were performed in 8 mm parallel-plate geometry using 40 μL of hydrogels (resulting in a gap size of 0.15 mm): i) In order to find the linear viscoelastic region of the time sweeps, oscillatory strain sweep (0.01-1000%) was conducted at 25 ºC with a fixed frequency of 1 Hz.; ii) Time-scan tests were 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 done at a fixed frequency and strain of 1 Hz and 1%, respectively, at 25 ºC for 3 min; iii)
Temperature-ramp tests were performed at a fixed frequency and strain of 1 Hz and 1%, respectively, and the changes in the shear storage modulus (G') and shear-loss modulus (G") were measured from 20 to 70 ºC at a rate of 2 ºC min -1 ; iv) Flow sweep was performed at 25
Fracture with shear rate varying from 0.001 to 100 s -1 .
Confocal laser-scanning microscopy imaging
Double network hydrogel stained with GelGreen TM or/and modified with rhodamine isothiocyanate was characterized using Confocal laser-scanning microscopy (Zeiss, LSM780) with excitation wavelength of 488 nm or/and 540 nm. 
Enzymatic digestion

Penylalanine competitive replace
Double network hydrogel (30 μL, with 2.0 wt% of each single network hydrogel) was incubated with 10 μL of L-phenylalanine (10 mg/ml, 10 μL) in phosphate buffer (100 mM, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 pH 7.4) at room temperature for 24 h, resulting in 40 μL of hydrogel with 1.5 wt% of each single network hydrogel, followed with characterization by rheological time-scan for 5 min at a fixed frequency of 1 Hz and strain of 1%.
III Supplementary figures
Figure S1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 Figure S3 DNA hydrogel (1.5 wt%) was manipulated with tweezers. Due to the brittleness, DNA hydrogel turned out narrow neck followed by fracture when stretched. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Figure S6 Double network hydrogel can be compressed or stretched and the process can be cycles for three times with good reversibility. Scale bar is 5 mm.
Figure S7 Double network hydrogel (1.5 wt%) can be directly injected through a needle and syringe to form a hydrogel line (A) which could be bent and twisted (B), demonstrating it has excellent shear thinning and rapid thixotropic properties.
Figure S8
Mechanical characterization of double network hydrogels (1.5 wt%) with enzymatic digestion or competitive replace by phenylalanine. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
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